IUPAC-NIST Solubility Data Series. 81. Hydrocarbons with Water and
Seawater—Revised and Updated. Part 2. Benzene with Water and Heavy
Water

Andrzej Maczynski, @ Volume Editor
Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

David G. Shaw, ® Volume Editor
University of Alaska, Fairbanks, Alaska, USA

Marian Goral and Barbara Wisniewska-Goclowska, Evaluators
Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

Adam Skrzecz, Compiler
Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

Iwona Owczarek, Compiler
Institute of Coal Chemistry, Polish Academy of Sciences, Gliwice, Poland

Krystyna Blazej, Compiler
Institute of Coal Chemistry, Polish Academy of Sciences, Gliwice, Poland

Marie-Claire Haulait-Pirson, Compiler
University of Leuven, Leuven, Belgium

Glenn T. Hefter, Compiler
Murdoch University, Perth, Australia

Zofia Maczynska, Compiler
Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

Andrzej Szafranski, Compiler
Institute of Industrial Chemistry, Warsaw, Poland

Costa Tsonopoulos, Compiler
Exxon Research and Engineering Co., Florham Park, New Jersey, USA

Colin L. Young, Compiler
University of Melbourne, Parkville, Australia

(Received 24 January 2004; revised manuscript received 22 March 2004; accepted 1 April 2004; published online 19 May 2005

0047-2689/2005/34(2)/477/76/$39.00 477 J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



478

A. MACZYNSKI AND D. G. SHAW

The mutual solubilities and related liquid-liquid equilibria of benzene with water and
heavy water are exhaustively and critically reviewed. Reports of experimental determi-
nation of solubility in these two chemically distinct binary systems that appeared in the
primary literature prior to end of 2002 are compiled. For the system benzene-water
sufficient data are available to allow critical evaluation. All data are expressed as mass
percent and mole fraction as well as the originally reported units. In addition to the
standard evaluation criteria used throughout the Solubility Data Series, a new method
based on the evaluation of all experimental data for a homologous series of aromatic
hydrocarbons was used. @005 American Institute of Physics.
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1. Preface
1.1. Scope of this Volume

This paper is Part 2 of a revised and updated version of an
earlier compilation and evaluation of the mutual solubilities
of water and hydrocarbon compounds containing five or
more carbon atoms? This new work incorporates the com-
pilations prepared for the original versigwith correction of
typographical and other errors where such have been discov-
ered together with new compilations based on recent and
previously overlooked reports in the peer-reviewed scientific
literature prior to 2003. To facilitate comparison of data, all
original results are expressed in terms of mass percent and
mole fraction as well as the units reported by the original
investigators.

This revised work includes a new critical evaluation in
which reported solubility values are characterized as recom-
mended, tentative, doubtful, or rejected. This classification is
based on the consistency between independently determined
experimental values and reference values derived from a
newly developed set of smoothing equatiGn&kecom-
mended values are supported by tgeo more independent
experimental values and a reference value that are all in
agreement. Tentative values are supported by (wvanore
independent values in agreement with each other, but not
with the reference value, or one experimental value in agree-
ment with the reference value. Doubtful values are those for
which a single experimental value differs from the reference
value. Experimental values that differ from reference values
and other experimental values or experimental values that
were obtained by suspect or undefined methods are rejected.

Detailed introductory material including explanations of
the formats of compilation, definitions of commonly used
measures of solubility, the derivation of the smoothing equa-
tions used calculate reference values, and the scope of the
Solut;illity Data Series can be found in Part 1 of this updated
series.



IUPAC-NIST SOLUBILITY DATA SERIES 479

-6
Fyl — calculated
-10
=
£ o
5 -12
£
14 |
(0]
-16 [
-18 :
60 110 160 210 70 120 170 220
b / cm® mol’ b / cm® mol!

FiG. 1. Minimum solubilities &, ni) of aromatic hydrocarbons vs excluded  Fg. 2. CoefficientC vs excluded volume of aromatic hydrocarbois.(
volume ().

The linear relations shown in Figs. 1 and 2 suggest that
1.2. Procedures Used in Critical Evaluation Eq. (1) can be rewritten in form
The procedures used in critical evaluation and derivation INnX,=(Cq+Cob)+ (C3+C4b)F(T/Thin)- 4

of reference data for systems containing aromatic hydrocar-
bons and watérare similar to those used for aliphatic hydro- The coefficients,, ¢, c3, andc, were found by simulta-

carbons and watér.’ neous regression of the investigated solubility data. Before
regression the plots of the solubility data were inspected in

Derivation of Reference Data for Solubility order to remove outlying experimental points. The initial

of Aromatic Hydrocarbons in Water verification rejected 210 points. The remaining 556 points

corresponding to 24 mixtures were used in the regression.
The mole fraction of aromatic hydrocarbons in watef)(  The following values of the coefficient in E¢4) were ob-
at temperatureT) along the three phase equilibrium exhibits tagined:
a minimum ; mip nNear room temperaturé.;,. The solu-

bility curve can be calculated approximately with an earlier c,=—2.605; c,=—0.06296 cm3mol;
derived equation:
In X, = I Xy pint CFT/ T i) 1) c3=7.979; ¢,=0.2668 cm>mol.

where C is an adjustable parameter dependent on hydrocafhese values applied to benzere=(82.7 cni mol™ 1) give:
bons andf(T/T,,, is a function, which achieves minimum

value equal to zero & =T, : Inx,=—7.812+ 30.04 (T/Tyin) . (5)
F(T/T i) =T/ DINT i/ T) + L= (T i/ T 1.
(T Tain) = LT TN T i/ T) (Trin/T)] ) Equation(4) with the obtained coefficients is valid up to
three phase critical temperaturs(). The solubility of ben-

Equatlc_)n(l) was fiited to expenmental S(.)IUb'I'ty CUVeS 2ane in water reported for temperatures higher thgnare
reported in the literature for various aromatic hydrocarbonsaISO well approximated. The analysis of the deviations for

$h|f. f|ttgd values Oﬂ—”r‘]i“ ars genzmve go erlrors of the ddatla. the investigated systems shows that they are random and can
aking into account the obtained, randomly scattered valueg, .<cribed to error of the data.

was decided to us€,;;=290 K for all investigated systems. The standard error of Im{) resulting from Eq.(4) was

'll'he ot?e; tv;:o dpararr;)eteril(mm and IQ allre relstsdlto determined with help of the variance—covariance matrix ob-
voume o the hydrocarbon. Larger molecules exhibit lower, ;o 4 by the least squares method. For benzene this yields
solubility, because the number of hydrogen bonds broke

fhe following equation:
and distorted during solution depends very much on the size geq

of the cavity in the water needed to accommodate the dis- s(Inx;)=[1.83% 10"~ 2.45< 10~ 3f (T/T ;1)
solved molecule. It is assumed here that the size of the cavity ! ' ' min
is proportional to the excluded volume)( of the hydrocar- +0.20X4(T/T i) 195, (6)

bon. In this workRedlich-Kwong Equation of Statg RK
EoS is used, wheré is calculated from the critical tempera- where f(T/T,,) is defined with Eq.(2). The value of
ture (T.) and critical pressureR.). s(Inx,), calculated with Eq(6), is 0.014 at 290 K and in-
creases with temperature achieving 0.057 at 550 K.
b=0.08664 Rc/Pc. ®) The solubility of hydrocarbons in water calculated from
The adjusted values of I ., andC are plotted veb in Eq. (4) are used as reference data. It was assumed that the
Figs. 1 and 2. error of the reference data does not exceed three times the
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standard deviation. As in Part Maczynski and Shafy, (6) gives standard error equal about 0.01 at low temperatures
experimental solubility differing from the reference dataand 0.06 at high temperature. Therefore we used the same
more than the 30% are considered doubtful. Data are recriteria as those adopted in previous section for recom-
garded as tentative if they agree with the reference data bubended, tentative, and doubtful data.

are not supported by measurements from other laboratories. For convenience of the user the solubility of water in ben-
Data from different sources, which agree with each other andene predicted with EoSC were approximated with €.

with the reference data are recommended. proposed by Economoet al®

Derivation of Reference Data for Solubility of s
Water in Aromatic Hydrocarbons INXp=d;+da(1/T, — 1) +d3(1-T)) +d4(1_Tr)’(9)
Reference data for the solubility of water in aromatic hy-
drocarbons were calculated by a method developed bwhereT,=T/T;., and Ty, is three phase critical tempera-
Goral® This method of phase equilibrium calculations ture. According to Tsonopoulos and Wild8rfor benzene
(EoSQ is based on the RK EoS with an added term, whichT,;.=541.7 K. Values of the coefficients adjusted to the solu-
accounts for hydrogen bonding. Application of the EoSC forbility data predicted by EoSC are as follond; = —0.509;
water systems has been described edttiefhe input data  d,= —4.316;d;= —0.203;d,= — 3.637.
for the LLE correlation in aromatic hydrocarbon—water sys- The range of applicability of Eq9) is the same as those
tems is the solubility of the aromatic hydrocarbons in water|isted above for EoSC.

calculated with Eq(4). The output is water solubilityx}) in M. Goral

a given hydrocarbon as a function of temperaturg. ( Institute of Physical Chemistry,
The calculated results were compared with experimental Polish Academy of Sciences,

data and support the conclusion that the calculated solubili- Warsaw, Poland

ties of water in aromatic hydrocarbons can be used as refer-
ence data up to about 60 K below the three phase tempera-
ture.

Standard error of the water solubility measurements was
estimated with equation:

1.3. References for the Preface

1D. Shaw, Editor, IUPAC Solubility Data Series, Vol. 37, Hydrocarbons

with Water and Seawater, Part Hydrocarbons C5 to C7Pergamon

S(IN X5, exp) =[ 2 (IN X5 055~ IN X5 05K/ (M— n)1%s, Press, New York, 1989

(7) 2D. Shaw, Editor, IUPAC Solubility Data Series, Vol. 38, Hydrocarbons
with Water and Seawater, Part Hydrocarbons C8 to C3§Pergamon

. . . Press, New York, 1989
where Inx2vexp IS a Iogarlthm of the eXpe”mental mole frac 3B. Wisniewska-Goclowska, A. Maczynski, and M. Goral, Recommended

.tion of water in hydrocarbon and kQ,E_oSCiS the correspond- Liquid-Liquid Equilibrium Data, Part 3: Binary Aromatic Hydrocarbons-
ing value calculated with EoSC using parameters in the  Water Systems, J. Phys. Phys. Chem. Ref. Dstbmitted.

model Of the assoc|at|0n The Summat|0n goes through 4A. Maczynski and D. ShaW, Editors, IUPAC-NIST SOIUblllty Data Series,
experimental points. Hydrocarbons with Water and Seawater—Revised and Updated, Part 1. C

- . . Hydrocarbons with Water, J. Phys. Chem. Ref. Cadél), 441 (2005.
For the SO|Ub|“ty of water in the aromatic hydrocarbons 5A. Maczynski, M. Goral, B. Wisniewska-Goclowska, A. Skrzecz, and D.

405 experimental points for 15 systems were available in the Shaw, Monatshefte fuChemie134, 633(2003.

literature. Most of these point&70) correspond to solubility ~ °A. Maczynski, B. Wisniewska-Goclowska, and M. Goral, Recommended
f water in nzen r toluene. After initial verification Liquid-Liquid Equilibrium Data, Part 1: Binary £C,; Alkane-Water Sys-

or! ate be. € ZOS to lée g fte Fa ed fcatoh36 tems, J. Phys. Chem. Ref. D&&(2), 549 (2004.

pOIhtS were reJ.eCte . Standar e.rror estimated from the rer, Goral, B. Wisniewska-Goclowska, and A. Maczynski, Recommended

mained 369 points was 0.11. In view of accuracy of the data Liquid-Liquid Equilibrium Data, Part 2: Binary Unsaturated Hydrocarbon-

the agreement between the calculated and experimental waWater Systems, J. Phys. Chem. Ref. DB&®2), 579 (2004.

ter solubilities is very satisfactory. 8M. Goral, Fluid Phase Equilibria7, 118 (1996.

%1. G. Economou and C. Tsonopoulos, Chem. Eng. 52,511 (1997.
Avera_ge standgrd errors of the calculategference data 10C. Tsonopoulos and G. M. Wilson, AIChEZ9, 990 (1983,
was estimated with equation:

s(Inx =s(Inx n/m)°5, 8 _ . _
SN Xz gosd = (I X (0/M) ® 5 Introduction to the Solubility Data Series
where m=369; n=3; s(INXyep=0.11, which gives: Solubility of Liquids in Liquids

S(In X gosd =0.01. This corresponds to an average standard
error of the calculated mole fraction of water about 1%. One
must take into account that E() gives an average value of  The Solubility Data project has as its aim a comprehensive
the standard error. This error is certainly larger at high temseview of published data for solubilities of gases, liquids, and
peratures, because most of the experimental points are reelids in liquids or solids. Data of suitable precision are com-
ported for low and medium temperatures. This situation igiled for each publication on data sheets in a uniform format.
similar to those presented in the previous section, where Eq:he data for each system are evaluated and, where data from

2.1. Nature of the Project

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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different sources agree sufficiently, recommended values at®azonov and Shalv.A few quantities follow the I1SO
proposed. The evaluation sheets, recommended values, asthndardSor the German standafdsee a review by Cvitas
compiled data sheets are published on consecutive pages.for details. Updated definitions on nomenclature and use of
This series is concerned primarily with liquid-liquid sys- symbols and units has been published in a recent review by
tems, but a limited number or related solid-liquid, fluid-fluid, Lorimer (6).
and multicomponent(organic-water-salt systems are in- A note on nomenclaturd he nomenclature of the IUPAC
cluded where it is considered logical and appropriate. SoluGreen Book2) calls the solute component B and the solvent
bilities at elevated and low temperatures and at elevatedomponent A. In compilations and evaluations, the first-
pressures have also been included, as it is considered inapamed componeritomponent 1is the solute, and the sec-
propriate to establish artificial limits on the data presented ifond (component 2 for a two-component sysbeis the sol-
they are considered relevant or useful. vent. The reader should bear these distinctions in
For some systems, the two components may be miscible inomenclature in mind when comparing equations given here
all proportions at certain temperatures and pressures. Data avith those in theGreen Book Additional details can be
reported miscibility gaps and upper and lower critical solu-found in the review by Lorime¥.
tion temperatures are included where appropriate and when
available.

2.3. References for the Introduction to the
Solubility of Liquids in Liquids
2.2. Compilations and Evaluations and Quantities

and Units Used in Compilation and Evaluation
of Solubility Data V. P. Sazonov and D. G. Shaw, editorscetonitrile Binary Systems

IUPAC-NIST Solubility Data Series, Vol. 79, J. Phys. Chem. Ref. CHta

Formats for the compilations and critical evaluations have2(4)' 989(2002. . . . . .
I. Mills et al, eds.Quantities, Units and Symbols in Physical Chemistry

been standardized for all volumes, and Complete details for(theGreen Book (Blackwell Scientific Publications, Oxford, U.K., 1993
these formats can be found in previdbslubility Data Series 3150 standards HandbooRuantities and UnitsInternational Standards
volumes, for example, Sazonov and SHaw. Organization, Geneva, 1993

Solubilities of liquids in liquids and solids in liquids have “German Standard, DIN 1310Zusammungsetzung von Mischphasen
been the subject of research for a long time, and have beep(Beuth Verlag, Berlin, 1984

expressed in a great many ways. The nomenclature, use of Cuitas Chem. International? (4), 123 (1995,
P g . y yS. . . QJ. W. Lorimer, Quantities, Units and Conversions1 The Experimental
symbols and units in th&JPAC-NIST Solubility Data Series Determination of SolubilitiesG. T. Hefter and R. P. T. Tomkins, editors

follow, where possible, Millg, again reviewed in detail in  (wiley, New York, 2003.

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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